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CALORIMETRIC MEASUREMENT OF FLUORESCENCE YIELD

- USSR -

(Following is the translation of an article by M. N.
Alentsev in the Russian-language publication Zhurnal
Eksperimental'noy i Teoreticheskoy Fiziki (Journal of
Experimental and Theoretical Physics), Vol 21, No 2,
1951, pages 133-141.] -
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A method for measuring fluorescence ylield of solutions is
described, through which the heating resulting from absorbed light in
fluoresciﬁh and nonfluorescing solutions is compared. Determination
of the yield is based on the fact that for the same absorption if a
nonfluorescing solution all the absorbed light energy is converted into
heat, and the heating of the fluorescing solution.takes place by means
of that portion of the energy of the absorbed light which is not
emitted in the form of fluorescence. Results of fluorescence yield
measurements are presented for several solutions of dyes. The preci-
sion of measurements for substances with ylelds close to unity is of
the order of 5 percent,

1. Introduction

The photoluminescence yield, that is, the ratio of energy radi-
ated in the form of luminescence, to the absorbed energy of the
exciting light [See Note] serves as one of the chief measures quantita-
tively characterizing the phenomenon. Knowledge of the yield is neces-
sary both in solving several problems of the theory of luminescence as
well as in its practical applications.

([NOTE): Here and in the following treatment the word 'yield'

designates the energy yield determined above in distinction to

the quantum yield, which signifies the ratio of the number of
emitted quanta to the number absorbed.)

However, measurement of the absolute value of the luminescence
yield has been made comparatively rarely (1-5). The reason for this
consists in the considerable complexity of such measurements. To
determine the energy of luminescence, it is necessary to take into
account the distribution of the luminescence stream in various direc-
tions, the absorption of part of the light in the luminescing body
itself, and losses through reflection and refraction. In this connec-
tion, as a rule (with the exception of resonance fluorescence of atoms),
the spectral composition of the exciting light and the light of lumi-
nescence differs, which calls for still another correction for the
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selective seasitivity of the radiant energy receiver used. Therefore,
one is usually limited to a considerably simpler relative comparison
of the relevant measurement of yield with the luminescence yield of
orie of a few substances for which this quantity has been determined
by direct measurement.

In practice, this substance is almost always fluorescein. The
luminescence yield of a fluorescein solution in water when excitation
1wing the undecomposed light of an incandescent lamp is used, accord-
1wg to the measurement of Vavilov (3) is taken as equal to 0.80.
However, the measurements of Vavilov which were made 25 years ago do
nut aspire to high precision. The author himself evaluated the possi-
“le error as 10-15 percent. The main significance of the results
nbtained by him for several fluorescing solutions consists in that
this was the first time that it was shown that the luminescence yield
in coudensed systems can reach values close to unity, in spite of the
widespread opinion at that time that only a negligible portion of the
atsorbed exciting light was transformed into the light of luminescence.

The method of Vavilov, which is very simple in concept, con-
:/sts in a spectral comparison of the brightness of luminescence
+ x2ited by the undecomposed light of an incandescent lamp, and the
.rightness of a diffusing white surface illuminated by the sane
light. However, to obtain a higher precision than that indicated
above, it is necessary to introduce many corrections which call for
additional measurements. ,

The calorimetric method described below Is sufficiently pre-
2ise for the determination of the absolute fluorescence yield of
uye solutions [See Note], exhibiting high yield, and can be used in
¢.tablishing standard substances for relative measurements.

([NOTE:] For measuring the fluorescence yield of fine-

crystalline powders, the most reliable method is the sphere

method developed by Antonov-Romanovskiy and Epshteyn (5) )

2. Genercl Description of the Method

Tor determine the photoluminescence yield, the energy of lumi-
nescence F and the absorbed energy A of the exciting light are usually
measured using one or another method. The yield 7 is determined as
the ratio of these quantities:

However, the yield can be determined by another method. The
“ifference between the absorbed and the emitted energy remains in the
iluminescing body in the form of thermoenergy and is used in heating
the body. If this difference is designated as Q, then F = A - Q, and
the yield equals

A-Q Q
nN=— =1-— (2)
A A.



In the method described the ratio Q/A is determined in the follow-
ing manner. The exciting light falls on a layer of fluorescing solution
in a flat cuvette. The energy of the light passing through ‘the solution
is controlled by a thermopile placed behind the cuvette. The heating of
the solution, proportional to the amount of heat Q [See Note] released
in it, is measured by using a thermocouple fastened to the cuvette., Then
the fluorescing solution is replaced by a solution of nonfluorescing
("Black") dye. The energy of the exciting light absorbed in this solu~-
tion is transformed entirely into heat. If the concentration of the
solution is so selected such that the absorption of the exciting light
will be equal in both cases (which is controlled by the thermopile placed
behind the cuvette), then the amount of heat released in the solution,
measured by the thermocouple fastened to the cuvette, serves as a measure
of the energy of the exciting light A that has been absorbed in the
fluorescing solution.

([NOTE): The reading of the galvanometer is recorded with a

steady difference in the temperatures of the cuvette and of

the surrounding air (thermostat). In this case, the amount of

heat released in the cuvette is equal to the amount of heat

going from the cuvette to the thermostat. The latter quantity

of heat is proportional to the difference in temperatures.

Therefore, the reading of the galvanometer measuring this dif-

ference in temperatures is proportional to the amount of heat

released in the cuvette.)

The quantity Q and A are measured in this case in the same units
(thermal). Their ratio is equal to the ratio of the corresponding
deflections of the galvanometer which is fixed to the thermocouple. The
yield is calculated from formula (2).

The convenience of this method lies in the fact that the dif-
ference in the spectral composition of the exciting light and the light
of fluorescence is not involved. Unessential also is the distribution
of the fluorescence radiation according to direction, provided that all
the 1ight energy emerging in the bulk of the solution has left the
cuvette,

However, the last condition can be satisfied only for solutions
with very low concentration. As a consequence of frequent reflections
from the boundaries of the solution and the walls of the cuvette, the
path length travelled by the fluorescence light in the solution can prove
to be very much larger than the dimensions of the cuvette, which can lead
to its noticeable absorption. In this way, part of the original stream
of light does not depart from the solution and results in an additional
warming of the solution, as a result of which the measured value of the
yield proves to be decreased. Lowering the concentration also reduces
the absorption of the exciting light, which affects the precision of the
measurements.

A rational choice of the cuvette form also can recuce the losses
referred to. However, they will always be present to some extent, and
their value will remain indeterminate.
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To determine the ratio of energy actually leaving the limits of
the cuvette to the total original beam of fluorescence emerging in the
-.iution, the following procedure was used. A photometric measure-
m2n1t of the relative distribution of light energy in various direc-
tions from the cuvette was made, and by integration the total deparc-
ing beam expressed by the energy of the light in a direction perpen-
dicular to the plane of the cuvette was determined. On the other hand,
"¢ original beam emerging in the solution can be easily calculated
from the value of this energy of light (of Section 5). The ratio of
the two beams also determines the correction which must be introduced
into the value ‘7? determined by the above-described method.

3. Apparatus

The diagram of the apparatus used in the calorimetric measure-
i:nts is presented in Figure 1. The light source 1 is placed in
ti.i> housing 2. Either a projection lamp of 300 watts or the SVD-Sh
70 superhigh pressure mercury lamp is used as a light source., The
> vht from the source is collected by the condenser 3, which is a
romd, water~filled flask. In order to filter all the infrared and
pacrt of the red light a little copper sulfate is dissolved in the
Jiter. In front of the condenser is placed a diaphragm &, a light
:uiter 5, aud a shutter 6. The light collected by the condenser is
lirected by a wmirror 7 to the lens 8, yielding an image of the cir-
cular diaphragm 4 on the flat layer of the solution in the cuvette ¢.
Tie light passing through a layer ¢. the solution impinges on the
*ormopile 10, connected to the galvanometer 14. The cuvette is
.cated within a copper container 13 with thick (1 cm) walls. During
tne period of measurement the box is kept at constant temperature,
for which purpose it is surrounded by a heat-insulating covering
consisting of two layers of glass wool, between which is placed still
another metal wall 11, and this entire arrangement is enclosed in a
wooden bex 12, With the maintenance of a constant ambient tempera-
ture within the 1imits of 0.1°C, the fluctuations in temperature of
the copper case do not exceed 0,05°C.

The details of the construction of the cuvette and copper case
are shown in Pigure 2. The cuvette consists of three flat quarts round
sheets of 1.5 mm thickness. In the center of the sheet is an aperture

£15 m cl_nstor vhich ales serves as the recess for the cuvette.

He lateral auaface is made ccnlcal in order to avoid repeated internal
raflections of the fluorescence lirht: 1light undergoing complete reflec-
tion from the flat surfaces of the cuvette impinges on the lateral wall
it a emall angle and leaves the cuvette.

The cuvette is not cemented, but when filled with liquid is
easily held together and due to capillarity is kept sufficiently strong.
The cuvette is placed in a copper polished and nickel-plated ring 15 with
4 conical recess at the same anglc a3 in the cuvette. The ring is secured
withis, #F.. woves case by using & celluloid collar 16. To measure the



difference in temperatures between the ring end the copper case,
about the ring in a star-like fashion are placed ten successively
Joined thermocouples of copper-constantan 17. The ghermocouples
are Joined to the mirror galvanometer (55 ohms, 10~C amp/mm at a
nmeter's distance from the scale). With a temperature difference
of 0.19C, corresponding to average heating in the measurements
described, the reading on the galvanometer scale equalled 120 mm.
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The inner walls of the copper case are blackened and covered
with carbon black. The entire fluorescence light impinging on the
walls is practically completely absorbed [See Note]. Due to the large
mass of the copper container its heating is negligible and can be
neglected,

([NOTE]. The coefficient of diffuse reflection of a black

smoky surface, measured by comparison with the white surface

of magnesium oxide, pruve. L. be equal approximately 5 percent.

Consequently, 5 percent of the fluorescence light impinging

on the walls of the case are scattered. Only a small portion

of the light returns to the cuvette, since the solid angle

with which the cuvette is accessible from any point of the

case walls is small compared to the entire angle 297,

through which the scattered light is sent. With the relative

dimensions of our cuvette and case this angle does not exceed

1/10, and therefore from the entire beam of the fluorescence

light leaving the cuvette not more than 1 percent can be

reversed. )

4, Thermal Measurements

In the illumination of the solution in the apparatus described
‘he tempe: aturre of the solution and the cuvette is raised. This
temperature 1.ise continues for about half hour, after which a steady
difference of temperatures between the cuvette and the copper case
(thermosiat) is established.

In order to verify whother the deflections of the galvanometer
vecured Lo the ctnermocouples measuring this temperature difference
are proportional to the amount of heat evolved in the solution per
unit time the following measurements were made, The cuvette was
filled with a water solution of a black dye for various concentra-
tions -~ from pure water up to a solution resulting in the complete
absorption of impinging light. A reading of the galvanometer indi-
cation was taken at z steady difference in temperatures for each
concen~ration. The relative amount of light absorbed in each case
was determined by using the thermopile. This procedure showed that
the readings of the galvanometer secured to the thermocouples is
sufficiently precisely proportional to the energy absorbed in the
solut%on threcugh the entire interval of pcc-sible absorptions (Fig-
ure 5).

Tnese measurements were later used to obtain the value A
required to determine the yield according to furmula (2). It is ob-
vious that in this case each realing of the yalvanometer expresses
the amount ¢f heat released in the s»>lution at a certain absorption
recorded by the thermopile. Since the solution is nonfluorescing,
this amount of heat also determires the value of A. Later, it was
sufficient . hy ueing an analopcus measurement with the fluorescing
soluticu, .¢ take the reading ol the steady difference in tempera-
tue. oo ar. 0 and the v Too of A was determined on the basis of
the pravicis measuremeats fr-m £h- tho-uwpl’: 7 ding.



A small amount of heating of the cuvette preceding even in the
absence of dye in solutiop was subtracted frca the corresponding read-
ings in order to specify the heating caused by the abseorption of a
single dye.

Strictly speaking, the proportionality coefficient between the
steady difference in temperatures of the cuvette and the thermostat
and the amount of heat released in the solution per unit of time must
be somewhat differentiated in the case of the fluorescing and of the
dark solution. With the same steady difference in temperatures, the
dark solution must lose somewhat more heat through temperature emission
according to Kirchhoff's law, since its absorptive ability is greater
(the losses through thermoconductivity and convection, of course, are
the seme for both cases). _

In order to verify how much this fact is reflected in the preci-
sion of the measurements, & measurement of the drop in cuvette tempera-
ture following the end of heating was made. This measurement was taken
using several fluorescing and nonfluorescing solutions. The different
heat transfer would affect the different rate of temperature drop. All
the curves proved to be practically coinciding. This shows that the
difference in temperature radiation of the various solutions can be
disregarded.

Several difficulties were faced in the selection of the non-
fluorescing dye. The solution of this dye cannot have any visible or
ultraviolet fluorescence, which is easily noted, nor infrared, which
is quite difficult to detect. To select such a dye, the following
procedure wvas used. Several solutions nonfluorescing in the visible
region were selected at concentrations adequate for complete absorp-
tion of impinging light, and were illuminated in the apparatus described.
Yor several of these solutions, the heating proved to be the highest
and wvithin the limits of ervor of the msasurements identical. The pre-
sence in such various dyes (India ink, Aquadag {a graphite lubricant],
a solution of fluorescein darkened by potassium iodide, and an aniline
black dye) of infrared fluorescence with the sams yleld is completely
improbable, and they can be regarded as nonfluorescing. latey, the
dye "Anil black FF" was used as the most convenient (not settling out
of solution and not changing with time).

5. Determination of the Fluorescence Energy losses

To carry out the angular measurements of the light strength
referred to above, an apparatus was arranged, vhose diagram is shown
in Figure 4. A cuvette with a ring was placed on an immmobile axis 1
around vhich rotated a leyer 2 with a photometer 8 at the end. The
angle a vhich represented the direction of the axis of the photometer
from the normal to the cuvette plane were read from the dial bk,

The front lens of the photometer gave such a reduced image of
the cuvette and the ring (about 3 mm), that this image fit completely
in the pupll of & dark-adapted eye. With this conditions, the brightness
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of the front lens observed by the eye was proportional to the
strength of the light (and not the brightness) of the source in
the given direction.

Figure U,

As a comparison source, a phosphor of constant action,
covered by a polaroid film, and placed in & rotating attachment
5 located at the side sleeve, was used. A second fixed polaroid
film was placed in the sleeve. The head could be turned and its
rotation read off from the table dial secured to the arm. A
mirror was placed in the tube of the photometer opposite the
sleeve, directing light from the phosphor to the eye of the obser-
ver and forming a comparison field. Upon rotating the eyepiece
the dbrightness of the comparison field changed.

INlumination of the solution was accomplished by means of
the PRK-U4 mercury lamp placed in the case 6, light from the lamp
passing through the condenser, the ultraviolet filter, and the
lamp 7, giving an image of the circular opening of the condenser
on the surface of the solution. In view of the axial symmetry of
distribution of the radiation the measurement was adequately taken
for & single plane,

The determination of the fluorescence energy losses was done
on the basis of the following considerations. If no absorption of
the fluorescence light had taken place and the reflection and re-
fro.tio) of the light ot e interface with the air were absent,
vhen the entire beam of {luvrescence Fo emerging within the bulk
of the solution would be wniformly Aistributed in all directions,
and the strength of the light I in all directions would be the
same and would equal

o Fadim (3)

For the case of a flat layer of the solution not absorbing
the ligat of fluorescence, baving an index of refraction n and
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with the original beam Fy of the strength of light in a direction
perpendicular to the plane of the luyer, would be reduced in com-
purison with I, due to the refraction of light at the flat inter-
face solution-air. The beam passing within the medium with some
small solid angle w , folloving refraction would travel within

8 larger angle w' . From the law of refraction, it follows that

the seccond soLid angle will be ne times lurger than the first.
Therefore, the strength of the light I, along the direction perpen-
dicular to the interfuace is related to the original strength of
light I by the ratio

Iy=1I[n? ()

In this way, knowing the strength of the I,, the total
original beam of fluorescence F, can be calculuted. From (3) and
(k) it follows that

F. == 41"‘.,0.

(5)

The anguwlar distribution of the strength of the light thus obtained
from the angulur measurements muakes possible through graphic inte-
gration, & determinution of the beam actually emerging from the
cuvette : ’

F = 2xl, f(l. [1,)sin « da, (6)
Q

which is the same as function Io'

The rotio of the beams F, and F determines the quantity by
which it is necessary to multiply the calorimetrically measured
value of the yleld in order to obtain the original yield.

In regerd to the ratio (5), two more comments must be made.
In the first place, the presence of & flat-parallel wall of the
cuvette having any index of refraction does not change this ratio,
where the index of refraction of the solution remains as the n.
This can be easily proved by means of an uncomplicated geometrical
caleculation.



In the second place, 1t is easy to show that in the absence of
absorption of fluorescence light in the solution, the presence of
light reflection from the walls of the cuvette and the solution does
not reduce the amount of emerging light. Actually, the light reflected
from a single face impinges on another, again is partially reflected,
atc. PBut #ocner or later it inevitsbly leaves the cuvette, since there
is no abtsoryticn.

If the light in the solution is absorbed, whick al'mys takes
place tc a certain extent; then the expression (5), and consequently,
also (6), will be imprecise. The intensity of 11@1; I, leaving in
a perpsendicular direction will be' less than I/n for the original

beam of fluorescence. However, in concentrations reaching 10-3 g/cm3,
the layer of a solution of 1.5 mm thickness is colored sc faintly
that it can be regarded, with sufficlient accuracy, that the light of
fluorescence passing perpendicularly to the surface of the layer is
practically undiminished.

- 6+ Ressults —

All the preliminary experiments on the development of a method
were connected with a fluorescein solution in water. ‘The solutions
were alkalinized by gradual addition of KOH with the simultaneous
cont=ol of brightness of the fluorescence until the maximum yield head
been reached.

Measurement of the l.ngular distribution of the intensity of
-ight from the cuvette filled vith highly diluted (approximetely

10-3 g/cl3 ) solution, in which the absorption of the fluorescence
light can be neglected showved that practically speaking, the entire
heam emerging in the solution leaves the cuvette. The same measure-
mente, but this time with the cuvette placed in its nickel-plated
ring, showed that in spite ‘of the mirror polish of the ring, in this
case 11 percent of the original beam is lost. Upon increasing the

concentration up to 10-5 gfcm3, no diminishing in the emergent beam
1€ notel, for 107% g/cm3 0.79 ¢f the originel beam emerges, and at
5 x lU“'l‘ the losses equal 52 percent.

The v{vet measuvrement nf the yield 2y conducted with excita-
tlor of fluovres:ein fluoreacence hy uging the 1ight of a projection
lamp without & iight filter (except for ihe woluiion of copper sul-
fete), Thie Reasurement was undcrtaken to .ompsre the value of the
yield detemined by the method described with the value obtatined by
Vavilov. Two series were run on five individual measurements:

with & concertration of 1074 g/cm3, and with a concentration of
5 v 1q-b q’.‘v‘*.?. The results are presented in Teble 1.
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Table 1

Concentration 5x 10-% 10"“r
p——— ]

Results of separate 0.85; 0.75; 0.77; 0.87; 0.52; 0.70;

measurements 0.80; 0.73 0.79; 0.82
Average of five

measurements 0.78 0.74
Mean error 44 10%

-4

At a concentration of 5 x 1077, the mean error does not exceed
5 percent of the measured value. The coincidence, within the limits of
possible errors, of the values obtained at the two concentrations shows
that the ratio (5) is with sufficient precision suitable even when the
loss of the fluorescence light in the solution exceeds half of its total
energy.

The resulting values of the yield within the limits of their
precision agree with the value of 0.80 that Vavilov obtained. - However,
for another preparation of fluorescein of unknown origin available
to the author, the yield proved to be equal to 0.67, and for uranil --
0.63. This shows that the yield depends to a considerable extent on
the chemical purity of the preparation.

Subsequently, the method described was used for determining the
yield of fluorescence of several substances. These measurements were
carried out using monochromatic excitation. As a light source the
SVD-Sh 250 mercury lamp was used. The Shottovskiy UG-1 filter together
with a copper sulfate solution, cutting off the red and infrared regions
of the spectra, passed only the lime 33 m iand a small section of the
spectra (discontinuous) on the long wavelength side of %6 my . The
effective wavelength of the entire transmitted section was approximately
372 mu.

The energy of the exciting light was less than for the film
projector lamp illumination. Due to this, the precision of the mea-
surements proved to be somewhat less, and the possible error of the
values presented in Table 2 is of the order of 8-10 percent.

Table 2
Substance Solvent Energy Yield
L -~ "]}

Fluorescein Water 0.63
Rhodamine B-extra Water 0.43
Anthracene Benzene 0.28
Acridine sulfate Ethanol- 0.31
3-Aminophthalimide Ethanol 0.45
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